Introduction
[2] The amplification of recent climatic change in Arctic regions has had pronounced effects on freshwater ecosystems [Arctic Climate Impact Assessment, 2005] . Paleolimnological studies have also demonstrated that past limnological changes, as recorded by proxy indicators, have increased in magnitude with increasing latitude . These changes have been attributed to decreased duration of ice cover and the increased length of growing season for aquatic biota [Douglas and Smol, 1999] . Climate models predict that global warming will continue to be magnified at high latitudes, and that Arctic systems will experience further large-scale changes over the course of this century [McCarthy et al., 2001; Holland et al., 2006] . Observations at far northern latitudes may therefore provide an early indication of the effects of climate change.
[3] Ward Hunt Lake is situated in one of the most icedominated regions of the northern hemisphere. Ward Hunt Island is surrounded by the Ward Hunt Ice Shelf, which recently fractured leading to the loss of an epishelf lake in nearby Disraeli Fiord [Mueller et al., 2003] . Ward Hunt Lake is also the northernmost lake in Canada, and thereby represents an end-member in terms of latitude and the severity of ice and climate conditions. Our objective was to investigate using paleolimnological techniques the environmental history of Ward Hunt Lake, and to reconstruct patterns of past climate variability using diatoms and fossil pigments.
Site Location and Methods
[4] Ward Hunt Lake is located on Ward Hunt Island, off the northern coast of Ellesmere Island at the northern limit of North America (83°05 0 N, 74°10 0 W; Figure 1 ). The lake is 0.37 km 2 , of which the majority is shallow (i.e., <2 m), with a maximum depth of 5 m. Ward Hunt Lake is perennially ice-covered, and has 100% ice cover for at least nine months per year. Ice thickness ranged from 4.0-4.1 m when measured in May 1998 and August 2003, with a moat of open water that develops over the littoral zone of the lake in late summer. The lake water is ultra-oligotrophic (<0.5 mg chlorophyll a ÁL À1 [Villeneuve et al., 2001] ), but nutrientreplete cyanobacterial mats extend over the sediments of the shallow littoral zone, as in many high latitude lakes [Bonilla et al., 2005] . However, these mats do not appear to have colonized the sediments beneath the thick ice cover. A 19 cm sediment core was extracted from Ward Hunt Lake on August 10, 2003 by scuba divers below the ice who manually pushed a core tube into the sediment. The core was frozen immediately, and stored frozen until analysis.
[5] Diatom samples were prepared using the following steps. First, carbonates were removed by digestion in 10% HCl for 24 hours, after which samples were washed with distilled water to return them to circumneutral pH. Organic material was then oxidized by addition of 30% H 2 O 2 in 1 ml increments, after which the reaction was allowed to continue for 24 hours, and samples were again washed with distilled water until they reached circumneutral pH. Diatom slurries were dried on glass cover slips in a dust-free environment, and mounted using ZRax
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. Three hundred diatom valves were enumerated per sample, and following the enumeration of each slide several further transects were examined to determine whether additional taxa were present.
[6] Samples were prepared for pigment analysis by adding 2 ml of 100% acetone and sonicating for one minute. Samples were placed under argon and the extraction was allowed to continue for 24 h at À20°C. Extracts were separated by centrifuging and then filtered through 2 mm PTFE filters; serial extractions were prepared to ensure that our methods were extracting all available pigments. 100 mL of each sample were injected into a Varian ProStar high performance liquid chromatography (HPLC) system, and the pigments were analyzed using a reverse-phase protocol. The instrument was equipped with a Symmetry C8 column (3.5 mm pore size), a photodiode array (PDA) and a programmable fluorescence detector. HPLC analyses followed the solvent protocol of Zapata et al. [2000] , but using a flow rate of 0.8 mlÁmin À1 and a total run time of 60 mins per sample. Pigments were identified by comparison with reference standards where available (i.e., chlorophylls a and b, b-carotene, diadinoxanthin, echinenone, fucoxanthin and lutein) or by comparison with absorption spectra from literature [Jeffrey et al., 1997] . Where identifications were not confirmed with standards the pigment names are designated ''-like'' (e.g., pheophytin a-like). Sedimentary pigment concentrations were calibrated relative to organic matter (OM), and values presented here are expressed relative to organic matter content (ngÁg À1 OM). The mass ratio of chlorophylls to degradational pheopigments in each sample was calculated as an index of pigment diagenesis; these values are expressed as molar ratios.
[7] Organic matter content was estimated by loss-onignition (LOI) [Dean, 1974] to investigate changes in sediment content as well as to calibrate pigment concentrations. Sediment samples were taken throughout the core, weighed, and heated to 550°C for four hours. Mass differences were calculated in order to determine the organic matter content of each sample [Dean, 1974] . Fourteen subsamples were also taken from the core and analyzed using alpha spectrometry at Mycore Scientific Inc. (Deep River, ON, Canada) to determine their 210 Pb activities. Ten samples were analyzed for 137 Cs by gamma spectrometry at the Paleoecological Environmental Assessment and Research Laboratory (Queen's University, Kingston, ON, Canada). One sample from the base of the core was dated with AMS 14 C at the Beta Analytic Radiocarbon Laboratory (Miami, FL, USA). Radiocarbon ages were calibrated using the program CALIB (version 5.0) [Stuiver and Reimer, 1993] using both terrestrial and marine radiocarbon age calibration datasets [Reimer et al., 2004; Hughen et al., 2004] , in order to encompass the maximum possible range of uncertainty given the age of the core.
Results
[8] Sediment organic matter was low throughout most of the core (6.5 -10.5%) relative to the upper centimetre, where it increased to a maximum of 31% in the surface 0.5 cm (Figure 2 ). Only two diatom taxa were identified in the sediment core -Staurosirella pinnata (Ehrenberg) Williams & Round (Figure 2) , and a single frustule of Amphora copulata (Kü tzing) Schoeman & Archibald. Diatoms were present only in the upper 2.5 cm of the stratigraphy, and were qualitatively much more abundant in the top 1.5 cm. During enumeration, diatom assemblages consisted of 100% S. pinnata valves in all intervals where diatoms were present (Figure 2 ).
[9] Changes in pigment concentrations were also striking. Concentrations of chlorophyll a, b, and degradation products were low below the 3 cm horizon (i.e., <5.4 ngÁg À1 OM; Figure 2 ). Some variation was measured in pigment concentrations in this section of the core, however these were dwarfed by subsequent increases and so are presented with an exaggerated secondary scale in Figure 2 . Above the 3 cm horizon, an increase in pigment concentrations was observed that reached two orders of magnitude (i.e., max. chl-a 474 ngÁg À1 OM). As the organic content of sediments increased concurrently with pigment concentrations in the upper strata, absolute concentrations of most major pigments actually increased by three orders of magnitude prior to calibration relative to organic matter. Increases of this scale were measured for chlorophylls a and b, pheophytin a-like, and pheophorbide a-like pigments. b-carotene, echinenone and lutein also increased markedly above this horizon, while fucoxanthin and diadinoxanthin were identified only in sediments of the upper 2 cm. Mass ratios of chlorophylls to degradational pheopigments were relatively stable throughout the core, although there was a slight increase above the 3 cm mark, and a peak in the 2 -2.5 cm sample (Figure 2g) .
[10] Alpha spectrometry of sediment samples indicated that 210 Pb activities were extremely low, ranging from 0.025 to 0.031 BqÁg dence interval for the mean value (the detector background error). This suggests that the upper 0.5 cm of sediment contain the last 50 years of sediment deposition and that the rate of sediment accumulation is extremely low. Analysis of 14 C indicated the base of the sediment core to be 8450 calibrated years BP (8299 -8601), reinforcing the extreme paucity of sediment deposition.
Discussion
[11] With perennial ice cover and a narrow moat of open water present for only several weeks per year, the modern aquatic environment of Ward Hunt Lake is extreme. However, our data suggest that current conditions may be considerably less severe than those in the past. The sharp increase in chlorophyll a and b-carotene concentrations suggests that there has been a marked recent increase in productivity in Ward Hunt Lake, while the decrease in pigment concentrations and the complete absence of diatoms below 2.5 cm raise the possibility that the lake may until recently have remained almost completely frozen to its base throughout the year. The changes that we observed in the sedimentary record are consistent with those expected with longer melt seasons in a warming climate. Similar stratigraphic profiles showing post-1850 changes have been recorded in sediment cores from around the circumpolar Arctic using diatoms, chironomids, chrysophytes and cladocera , although such records from the Arctic using fossil pigments are rare [Leavitt et al., 2003; Michelutti et al., 2005] .
[12] The striking increases in pigment concentrations included general indicators of algal standing crop (chl-a, b-carotene, see Guilizzoni et al. [1983] ) as well as those indicative of more specific algal groups (fucoxanthin, diadinoxanthin, echinenone, lutein; see Leavitt and Hodgson [2001] ), implying that these changes were caused by environmental factors and likely not by internal shifts in Ward Hunt Lake's algal dynamics. There was a slight increase in the mass ratio of chlorophylls to degradational pheopigments in the upper horizons of the core (i.e., mean above 2 cm, 0.70; overall mean, 0.55; Figure 2g ). The peak in the 2-2.5 cm sample was likely caused by analytical differences, as very little sediment was available from this horizon for HPLC analysis. Several pheopigments were at or below the limits of detection of our PDA in this sample, and therefore the high Chl:pheopigment ratio, which resulted from an inordinately low pheopigment concentration (rather than a high Chl concentration), may result from the inability of our HPLC system to quantify the extremely low concentration of pheopigments in this sample. Given the roughly 500-fold increase in pigment concentrations and the similarity of the Chl:pheopigment mass ratios above and below this shift, it is highly likely that the observed increases represent changes in algal communities and are not the result of post-depositional alteration.
[13] Staurosirella pinnata, the only diatom enumerated from our core, is the most common taxon reported in paleolimnological studies from dominantly ice-covered Arctic sites [Douglas et al., 1994; Michelutti et al., 2003; Perren et al., 2003] and its presence in Ward Hunt Lake was therefore to be expected. However, to our knowledge, it has never before been recorded in such overwhelming relative abundances throughout a sedimentary sequence, an observation that is indicative of the extremity of conditions in Ward Hunt Lake. Bonilla et al. [2005] reported ''Navicula spp.'' in ice-marginal phytoplankton samples from Ward Hunt Lake, however we found no Navicula taxa in the sediments. Given the limited opportunity for the development of phytoplankton (due to ice cover), the overshadowing in our sediment samples of such taxa by benthic diatoms is unsurprising. Hodgson et al. [2005] observed a monospecific assemblage of Stauroforma inermis in an Antarctic lake during the Last Glacial Maximum, and inferred the lack of diversity to be indicative of perennial ice cover and colder conditions. The similarity of the diatom assemblage found in Ward Hunt Lake under such extreme perennial ice conditions may support this hypothesis.
[14] In Ward Hunt Lake, diatom valves appeared to be well-preserved, and there is no evidence to support that dissolution, rather than environmental change, was responsible for the disappearance of diatoms in the sedimentary record. Moreover, the synchronous appearance of diatoms, fucoxanthin and diadinoxanthin in the sedimentary record strongly suggests that the absence of diatoms below 2.5 cm does not result from preservation issues. These carotenoids were also identified from recent phytoplankton communities in Ward Hunt Lake, where they were associated with the dominant Chrysophyceae as well as with diatoms [Bonilla et al., 2005] . A similar disappearance of diatoms was also observed from a lake near Alert, approximately 160 km to the east on Ellesmere Island [Doubleday et al., 1995] . In a study from a second lake near Alert, diatoms (dominantly S. pinnata) were present throughout the sedimentary profile, however a modest increase in the number of species began in the 1920s and a pronounced shift toward higher diversity assemblages was observed only in the last 20 years [Antoniades et al., 2005] .
[15] Despite the absence of diatoms below the 2.5 cm horizon, the record of sedimentary pigments and changes in their concentrations indicate that some level of photosynthesis and algal growth was ongoing throughout the history of Ward Hunt Lake. Echinenone and lutein were identified throughout the core, and increased slightly in the bottom 6 cm. This suggests that the benthic communities of cyanobacteria and chlorophytes observed in the modern littoral zone of Ward Hunt Lake [Bonilla et al., 2005] have been present in the lake throughout its history, and have varied in response to environmental change.
[16] The extremely low 210 Pb and 137 Cs activities measured in Ward Hunt Lake's sediments are not unusual in high Arctic profiles, and levels are often too low to calculate reliable geochronologies. Given the thick, perennial ice cover (4 m), the extremely short melt season (approximately 8 weeks), and the low precipitation (mean 154 mm yr À1 , Alert weather station, $160 km to the east), it is plausible that there is little to no atmospheric deposition of unsupported 210 Pb to the sediments of Ward Hunt Lake. The position of the 137 Cs peak in the 0.25 -0.5 cm interval implies that the last 50 years of sediment deposition are encompassed within the upper 0.5 cm. If roughly uniform sedimentation rates are assumed, the dramatic changes that we observed in the diatom and sedimentary pigment assemblages would have occurred within the last two centuries. This is consistent with the extremely low sedimentation rate implied by the 14 C age at the base of the core (8450 cal yr BP).
[17] There is a well-documented pattern of pronounced shifts in Arctic aquatic communities during the last 150 years [see Smol et al., 2005] , and recent paleolimnological changes recorded from nearby Alert, Ellesmere Island showed marked changes in the last 20 years [Antoniades et al., 2005] . The changes that occurred in Ward Hunt Lake within the last 200 years are consistent with this overall pattern of change, although the onset of biotic change in Ward Hunt Lake predates that observed from Alert. Furthermore, the period of relative stability throughout much of our sediment core prior to the diatom and pigment shifts suggests that Ward Hunt Lake's aquatic biota have been affected more by environmental change during the last two centuries than at any point during the preceding eight millennia.
[18] The increase in pigment concentrations in the Ward Hunt Lake sediments predated the appearance of diatoms in the record. This indicates that changes in algal communities occurred before they were recorded in the diatom stratigraphy, and suggests that fossil pigments may provide important, sensitive records of Arctic limnological change especially in the absence of diatoms. However, the shifts in both diatom and pigment records were similarly striking, and suggest marked ecosystem shifts in Ward Hunt Lake in the last two centuries. Due to the extremity of latitude, ice and climate conditions of Ward Hunt Lake, this implies that even the most ice-bound aquatic ecosystems in the northern hemisphere have already been strongly impacted by recent environmental change. Cs analyses. We are grateful to the Polar Continental Shelf Project (PCSP) for logistical support. This is PCSP contribution 03107. We also thank two anonymous reviewers whose comments greatly improved this manuscript.
